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A B S T R A C T

To establish a self-sustained human presence in space and to explore deeper into the solar system, extensive
research has been conducted on In-Situ Resource Utilization (ISRU) systems. Past studies have proposed and
researched many technologies to produce oxygen from regolith, such as carbothermal reduction and water
extraction from icy regolith, to utilize it for astronauts’ life support and as the propellant of space systems.
However, determining the most promising technology remains challenging due to uncertainties in the lunar
environment and processing methods. To better understand the lunar environment and ISRU operations, it
is crucial to gather more information. Motivated by this need for information gathering, this paper proposes
a new ISRU plant architecture integrating carbothermal reduction of dry regolith and water extraction from
icy regolith. Two different hybrid plant architectures integrating both technologies (1) in parallel and (2) in
series are examined. The former involves mining and processing in both a Permanently Shadowed Region
(PSR) and a peak of eternal light in parallel, while the latter solely mines in a PSR. In this series hybrid
architecture, the dry regolith tailings from water extraction are further processed by carbothermal reduction.
This paper conducts a comparative analysis of the landed mass and required power of each plant architecture
utilizing subsystem-level models. Furthermore, based on uncertain parameters such as resource content in
regolith, the potential performance range of each plant was discovered through Monte Carlo simulations. The
result indicates the benefit of the series hybrid architecture in terms of regolith excavation rate and power
consumption, while its mass cost seems the highest among the studied architectures.
1. Introduction

In-Situ Resource Utilization (ISRU), also known as space resource
utilization, aims to process and utilize local extraterrestrial resources
to enable long-term human presence beyond low Earth orbit. Resources
on our nearest planetary bodies, i.e., the Moon and Mars, include
water in the form of ice or hydrated minerals [1–3], atmospheric
carbon dioxide [2], and regolith, which is a source of oxygen and
metals [1,3]. These resources can be processed by a variety of thermo-

Abbreviations: CHX, Condensing heat exchanger; ConOps, Concept of operations; COTS, Commercial-off-the-shelf; CR, Carbothermal reduction; ISRU, In-situ
resource utilization; PEL, Peak of eternal light; PEM, Proton exchange membrane; PH, Parallel hybrid; PSR, Permanently shadowed region; LH2, Liquid
hydrogen; LOX, Liquid oxygen; SH, Series hybrid; SOXE, Solid oxide electrolysis; WE, Water extraction
∗ Corresponding author.
E-mail address: k.ikeya22@imperial.ac.uk (K. Ikeya).
URL: https://profiles.imperial.ac.uk/k.ikeya22 (K. Ikeya).

and electrochemical techniques [2,4] to produce life support consum-
ables (e.g., H2O, O2), rocket fuel propellant (e.g., CH4, H2, O2), or
infrastructure and spare parts (e.g., regolith, metals). Among various
ISRU activities, lunar ISRU has been increasingly gathering a large
amount of attention in response to the concurrent Artemis program and
other initiatives of going back to the Moon.

For lunar ISRU, several architectures for the production of these
propellant and life-support consumables have been considered: (1)
oxygen extraction from dry-regolith processing with reducing agents,
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such as hydrogen [5,6] and methane [7–11], (2) oxygen extraction
ia electrolysis of molten regolith [12] and in molten salt [13,14],

and (3) hydrogen and oxygen extraction from lunar icy regolith [15–
24]. Choosing the most suitable architecture is crucial for successful
and economically viable lunar ISRU [3,4,25]. However, it is highly
unpredictable if either architecture would perform significantly better
than the other due to uncertainties in the resource and operation.
Building an ISRU plant dedicated to only one of these technologies

ight be suboptimal when these inherent uncertainties unfold.
Recognizing uncertainty, this paper proposes a novel architecture:

a hybrid ISRU plant, where liquid oxygen (LOX) and liquid hydrogen
(LH2) are coproduced from both dry and icy regolith on the Moon. Hy-
brid architectures that utilize multiple resources simultaneously have
previously been proposed only for Mars ISRU [26,27]; the benefits and
costs of processing both dry and icy regolith on the Moon have not been
thoroughly explored.

Two different types of hybrid lunar ISRU architectures are proposed.
n the first architecture, Carbothermal Reduction (CR) and direct Water
xtraction (WE) from icy regolith occur simultaneously in parallel. In
he other architecture, these two processes are integrated in series,

i.e., the remaining dry regolith after WE is further processed through
CR. The Concept of Operations (ConOps) suitable for each architecture
is carefully defined. Although these proposed hybrid architectures add
complexity to the overall system, they can mitigate the risk of failure
by avoiding reliance on a single extraction technology.

This paper further compares the mass and power budgets, along
ith other system performance indicators, of the proposed hybrid plant
rchitecture with single technology architectures: CR of dry regolith
nd direct WE from icy regolith. A holistic and multidisciplinary ap-
roach that models end-to-end ISRU production plants is utilized to
nderstand the benefits and drawbacks of specific technologies and
rocessing techniques [28].

Although there have been an increasing number of missions to the
Moon and studies about it [29], the knowledge available about the
lunar environment still contains large uncertainty [30]. The effects of
this uncertainty on the performance of a plant and its operation have
not been discussed enough [31]. Therefore, to examine the performance
of these different plant architectures in various conditions, Monte Carlo
simulations explicitly address resource and operational uncertainty.
The results highlight the benefits and drawbacks inherent to each plant
design.

The rest of the paper is organized as follows: Section 2 summarizes
ast studies in hybrid ISRU architectures, mass and power estimation
f ISRU systems, and uncertainty related to lunar ISRU highlighting

the research gap addressed by this paper. Section 3 introduces the
hybrid ISRU production plant concept, including assumptions made and

onOps. In Section 4, the modeling approach of this work for the mass
nd power estimations is explained. The results of the mass and power
stimations are discussed further in Section 5. Section 6 introduces the

intrinsic uncertainty of the lunar environment and ISRU systems, and
ts effects on the performance of each ISRU plant operation. Section 7

discusses the potential benefits and risks of each plant design as well
s limitations of this study and directions for future work. Finally,
oncluding remarks are outlined in Section 8.

2. Background and related work

2.1. Hybrid ISRU architecture

Compared to the conventional single-technology ISRU architectures,
ybrid architectures combining multiple process technologies have not

been well-researched. Kleinhenz and Paz [26] proposed the idea of uti-
izing the Martian atmosphere and subsurface water ice simultaneously
or Mars ISRU. This study revealed a potential reduction in landed mass
ompared to the conventional oxygen production architecture for Mars
149 
return vehicle propellant by producing both liquid methane and liquid
oxygen.

Chen et al. [27] also showed the benefit of employing both hy-
drogen reduction and WE from Martian soil through the optimization
of technology selection in terms of crewed Mars mission cost. Even
though this study showed the economic benefit, they also noted the
otential increase in the complexity of its development, deployment,
nd operation.

While it is likely that these hybrid architectures add significant
complexity, these past studies indicate some potential benefits. These
drawbacks and advantages require more in-depth analyses to fully
assess these architectures compared to other ISRU options. Lunar ISRU
utilizing both dry and icy regolith, especially, needs more under-
standing given the increasing international interest in human lunar
exploration. However, the performance of hybrid lunar ISRU is yet to
be researched.

2.2. Mass and power estimation for ISRU

The estimation of mass and power budgets of all the necessary
subsystems is essential before considering ISRU as a viable alternative
to transporting all material resources from Earth [32]. Therefore, the
stimation has been conducted extensively through (mainly) computer
odeling with different fidelity levels.

As an example of relatively low-fidelity modeling, Chen et al. [27]
developed a database of subsystem-level specific masses and powers
based on literature, such as Santiago-Maldonado and Linne [33], and
integrated it into an Earth-Moon-Mars space resources logistics net-
work. This approach analyzed the effect of ISRU deployment location
(i.e., the Moon or a near-Earth object) regarding system mass and
monetary mission cost.

While these models can capture the trend in mass and power for
ifferent architectures, they often overlook the detailed ConOps, poten-
ially missing some key subsystems and components to be considered.
ecently, more detailed models considering ConOps carefully have
een developed. Linne et al. [7] modeled in detail the extraction of oxy-

gen via CR of dry regolith to identify the feasibility of deploying such
a plant considering the capacity of a lunar lander. Guerrero-Gonzalez
and Zabel [32] also accounted for metal processing by comparing
hree different ISRU techniques, hydrogen reduction, molten regolith
lectrolysis, and molten salt electrolysis, and estimating the mass and

required power of each subsystem. Kiewiet et al. [22] modeled WE from
cy regolith via three different heating methods and conducted a trade-
ff study. Kleinhenz and Paz [23] compared the system mass and power

of two different architectures: the extraction of both H2 and O2 from
water ice in the lunar southern polar region and solely O2 based on the
work developed by Linne et al. [7].

2.3. Recognizing uncertainty in ISRU

Although the studies in Section 2.2 aimed to quantitatively analyze
he most promising ISRU technologies, it should be noted that the
omparisons made in them are based on deterministic assumptions for
ome key parameters such as resource or operational availability. How-
ver, as Cilliers et al. [30] showed by considering uncertainty in many

aspects, such as resource content, such oversimplification by ignoring
the uncertainty of key parameters might change the requirements for
the ConOps and, therefore, overlooks the potential risk of underper-
ormance. Takubo et al. [34] considered the uncertainty in the water

production rate and the yearly decay rate in this production. Although
the work successfully integrated these parameters into a spaceflight
campaign design, the uncertainty recognized in this work is limited.
Malone et al. [35] also recognized uncertainty in the entire mining
process, such as potential subsystem technological malfunction and
power generation. Their study integrated the recognized uncertainty
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into a Comprehensive Lunar Mining Simulator to help decision-makers
through a serious game approach.

None of these studies have compared different ISRU technologies
onsidering the effect of the uncertain lunar environment and ISRU
perations. Due to the large difference between dry and icy regolith
rocessing, potential benefits and risks can be easily overlooked when

ignoring the uncertainty. Inspired by Cilliers et al. [30], this paper
odels the distributions of uncertain parameters and examines their

ffects on plant performance indicators such as regolith excavation rate.

3. Hybrid lunar ISRU plant concept

This section first proposes two different hybrid lunar ISRU architec-
tures combining two extraction technologies. Technologies selected for
further analyses and the detailed ConOps are explained in Sections 3.2
and 3.3, respectively.

3.1. Overview and assumptions

The lunar South Pole was selected as an ideal location to place
the hybrid ISRU production plant due to the increasing evidence of
volatile and water ice presence in its Permanently Shadowed Regions
(PSRs) [36–38] and the existence of Peaks of Eternal Light (PELs) that
rovide extended periods of solar illumination [39,40].

Fig. 1 depicts rather conventional single-technology ISRU architec-
ures as well as hybrid architectures proposed in this paper. A typical
ry regolith processing ISRU architecture, such as CR or hydrogen
eduction, has a regolith excavation site, and a disposal site as well as

a processing site (Fig. 1(a)). For WE from icy regolith, among various
ifferent kinds of architectures, an architecture suggested by Kleinhenz
nd Paz [23] is depicted in Fig. 1(b). In this architecture, water tankers

transport water from a PSR to a PEL to further conduct electrolysis and
liquefaction. For other WE technologies, please refer to Section 3.2.

Two different types of hybrid production plants are considered in
this paper. The first architecture considered is a Parallel Hybrid (PH)
lant that excavates and extracts resources from both PEL and PSR sites
Fig. 1(c)). In the PEL, dry regolith is excavated and processed to extract
xygen. Simultaneously in the PSR, water is extracted from icy regolith.
ollowing the WE plant design proposed by Kleinhenz and Paz [23],

the extracted water is transported from the PSR to the PEL by a mobile
water transportation solution, where the water is then electrolyzed into

2 and H2. Thermochemical extraction processes, such as carbothermal
r hydrogen reduction of dry regolith, produce water as an intermediate
roduct, and therefore, water electrolysis and storage of oxygen and
ydrogen can be shared between dry and icy regolith processing.

The second architecture considered is a Series Hybrid (SH), where
ry regolith tailings from the WE of icy regolith are further processed
irectly in the PSR (Fig. 1(d)). Similar to the WE and PH architectures,

the extracted and produced water is transported to a PEL for further
rocessing. The detailed ConOps of both hybrid plants are further
escribed in Section 3.3.

Alternatively, transporting regolith excavated in a PSR, as well as
water from WE, to a PEL for CR and further process is possible. This
approach can reduce the number of excavators compared to the PH
rchitecture. However, carrying excavated regolith from the PSR to the
EL requires a regolith transporting solution, such as a tanker. The
esults from Kleinhenz and Paz [23] indicate the mass of such tankers

can be much more than the saved mass from excavators, and therefore
his option is not considered further.

Another possibility would be targeting micro cold traps for ice min-
ing instead of accessing deeper permanently shadowed craters where
larger water deposits might be found. However, the resource avail-
ability and extraction viability of these small PSRs are still highly
unknown [41]. Therefore, this scenario has not been considered part
f the study.
 t

150 
Although identifying a specific site within the lunar South Pole was
out of the scope of this work, previous studies [23,42–44] have identi-
fied traverse distances of around 0.65–8.5 km between potential human
landing system sites, permanently shadowed craters where acceptable
water ice deposits might be found, and ridges with prolonged sunlight
availability. A preliminary analysis demonstrated that mass and power
budgets were not sensitive to changes in the traverse distance. There-
fore, an average traverse distance of 5 km between PSRs and PELs is
mployed in this study as depicted in Fig. 1.

As a baseline case scenario, the ISRU plant is assumed to produce
10 t of O2 and 1.25 t of H2 per year. This 8:1 ratio corresponds to
the stoichiometric mass ratio of water to maximize the use of local
resources for various purposes. It is worth noting that, for hydrolox
lunar ascent vehicle propellant, the fuel mixture mass ratio is generally
close to 6:1. Some past studies employed this 6:1 ratio or a similar ratio
as their required products ratio allowing an excess of oxygen [23,45].

The integrated hybrid production plant model in this paper includes
all the necessary ISRU subsystems, from regolith excavation to cryo-
torage of the produced O2 and H2 (see Section 4 for a detailed

explanation of the models), except for power and water purification
subsystems. Power system is not considered in this paper for the sake of
simplicity of analysis. Choosing an appropriate power generation sys-
tem (e.g., photovoltaic, nuclear fission or radioisotope thermoelectric
generator) as well as an energy storage system (e.g., battery or fuel
cell) requires a large number of assumptions and can add significant
complexity in the study. Furthermore, these systems can be shared with
crewed a lunar base as well, which is out of the scope of this paper.
The interested reader is referred to Refs. [27,46] for power and energy
torage systems on the Moon. It should be noted that power systems

can play a critical role in the mass estimation of ISRU systems, and it
should be assessed in the future. The infrastructure and operations to
further utilize these products are not addressed in this work.

Margins are included in the mass budgets following the method-
ology of the American Institute of Aeronautics and Astronautics Mass
Properties Standard [47]. This standard recommends a minimum in-
crease of 30% of the estimated subsystem mass to include a growth

argin as well as an additional margin that accounts for uncertain
ackaging and structural or neglected components. Similarly, a 30%
argin is considered for the power budget.

Table 1 collects the global assumptions considered in this study,
ncluding the radiative outer space and average surface temperatures
or each site, which are used for the heat loss and radiative heat

exchange calculations, and the dry and icy regolith density depen-
dencies on depth and water ice content. Individual assumptions are
described for each model in Section 4. Moreover, Section 6 discusses the
values of the following uncertain parameters considered in this study:
feedstock particle size, silicate and water ice content in the regolith,
WE efficiency, and ISRU plant operational availability.

3.2. Technology selection

Over the last decades, numerous strategies for extracting oxygen
from dry lunar regolith have been proposed in the literature [4,25,49].
From these strategies, ilmenite reduction by hydrogen followed by the
lectrolysis of water and carbon-based reductants (e.g., CO, CH4, C)
as been considered as feasible and viable options [49]. CR of partially

molten regolith, with water electrolysis and CH4-reforming, the direct
electrochemical reduction of molten regolith, the electrolysis in a bath
of molten salts, or vacuum thermal decomposition of lunar soils, have
also been extensively researched [4].

CR of partially molten regolith is chosen as O2 extraction technology
in this study due to its high yield, as it can reduce most regolith

inerals, including the most prevalent silicates. Hydrogen reduction is
xcluded from further consideration since hydrogen is mostly limited
o reducing iron-bearing minerals such as ilmenite, which are expected
o only present in about 0.5 wt% of the lunar Sothern polar highland
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Fig. 1. ISRU production plant architectures considered in this paper.
i
r

regolith [50]. As demonstrated by Guerrero-Gonzalez and Zabel [32],
the low ilmenite content significantly increases the total hardware mass
of the plant, highlighting its ineffectiveness as an oxygen extraction
technology in these polar regions.

Moreover, other O2 extraction technologies, such as electrochemical
eduction or vacuum thermal decomposition, do not produce water but
xygen directly from the regolith. Therefore, selecting either of these
151 
technologies could lead to larger total system mass and power due to
the lack of a shared H2O electrolysis infrastructure.

The extraction of water (or hydroxyls) can be done by heating lunar
cy regolith until volatiles vaporize or desorb, followed by capturing the
eleased gases [4]. Generally, heat can be applied to the icy regolith

by electric heating or concentrated sunlight. Note that an alternative
approach of using microwave heating also has gathered attention for its
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Table 1
Global study assumptions.

Parameters Assumed values

Required production rate (baseline) 10 t/a of O2 and 1.25 t/a
of H2

PEL/PSR traverse distance 5000 m
Mass margin 30%
Power margin 30%
PEL avg. temperature 200 K
PSR avg. temperature 80 K
Outer space temperature 4 K
Avg. silica content 45 wt%
Avg. water ice content 4.2 wt%
Dry regolith densitya 𝜌dr y(𝑧 [m]) = 1800 − 700 ⋅

exp(−𝑧∕0.06) [k g∕m3]
Icy regolith densityb 𝜌icy(𝑤ice [wt %]) =

𝜌dr y ⋅ (1 +𝑤ice) [k g∕m3]

a The regolith depth in meters is denoted by 𝑧, with 𝑧 = 0 [m] at the lunar surface.
ased on Hayne et al. [48].

b The icy regolith density is calculated assuming that water ice mass fraction (𝑤ice)
ccumulates uniformly within the regolith pores.

potentially higher extraction efficiency [24], which should be further
iscussed in the future. The process of thermal extraction relies on
he low-pressure environment on the Moon for sublimation to occur.

By avoiding the liquid phase of water, the produced water vapor can
outgass and be captured.

The main two principles of operation include in-situ water extrac-
ion through direct surface heating [15,17,18] or drill rods [19,20],

and excavation and transportation of icy regolith into an enclosed
system followed by subsequent heating. This heating process can be
continuous [21] or in batches [22]. Kiewiet et al. [22] traded off in-situ
gainst excavated water extraction methods, with the excavated designs
enerally scoring significantly better than the in-situ ones. Therefore,
n this study, an excavator delivers icy regolith to a water extraction
lant, where water is thermally extracted in crucibles.

3.3. Concept of operations

3.3.1. Parallel hybrid architecture
Six systems are involved in the overall concept of operations of the

PH ISRU production architecture: (1) a dry-regolith mining (excavation
and disposal) system, (2) a dry-regolith processing plant, (3) an H2/O2
production and storage plant, (4) an icy-regolith mining (excavation
and disposal) system, (5) an icy-regolith processing plant, and (6) a

ater transportation system between both ISRU plants, as depicted in
Fig. 1(c).

At a PEL, an excavator delivers dry regolith to the processing plant
to extract oxygen. To avoid disturbances, the excavation site is located
100 m away from the ISRU facility [7]. After delivering a fresh regolith
atch, the same vehicle is loaded with ISRU-produced tailings and
rives first to a disposal site, also located 100 m away, before going
ack to the excavation site. The dry-regolith excavator recharges at the

dry-regolith processing plant.
At a PSR, a similar scenario is defined. Another excavator delivers

cy regolith to the icy-regolith processing plant, collects dry processed
egolith, and dumps it at a disposal site before going back to the icy-
egolith excavation site. The three locations are also positioned 100 m
way from each other. The number of excavators for the dry- and icy-
egolith is calculated based on the processing times, travel times, and
egolith throughputs needed. The icy-regolith excavator only recharges
t the icy-regolith processing plant without leaving the PSR.

A similar mobile water transportation solution to the one discussed
by Kleinhenz and Paz [23] is chosen to allow for a fair comparison
etween different system architectures. A tanker remains at the icy-
egolith processing plant to directly capture water into its tank, while
thers deliver H O to the H /O production plant and come back to the
2 2 2 s

152 
PSR. This approach saves hardware mass since water vapor is allowed
to freeze directly inside the tank, avoiding the need for additional cold
raps. Moreover, due to the low PSR temperatures, no power is required
o maintain the state of water ice. Once the tanker leaves the PSR,
ater starts to thaw due to solar radiation. The water tankers recharge
t the H2/O2 production and icy-regolith processing plants. The total
umber of the water tankers is selected from a range of two to 10
o minimize the total landed mass of the entire system. This number
ffects travel times, tanker capacity, water throughputs, and processing
imes needed.

Liquid water delivered to the H2/O2 production plant is subse-
quently electrolyzed into hydrogen and oxygen. Together with the
xygen extracted from dry regolith, they are liquefied and cryogenically
tored.

3.3.2. Series hybrid architecture
The SH architecture (Fig. 1(d)) involves placing both the dry- and

cy-regolith processing plants within the PSR to further process dry re-
olith after water extraction to obtain oxygen. Water extracted from icy
egolith and generated through carbothermal reduction is transported
o a PEL for electrolysis, liquefaction and storage, requiring the same
ater tanker system as the PH architecture.

By processing excavated icy regolith utilizing multiple technolo-
gies, this architecture can potentially achieve the highest oxygen yield
per unit mass of excavated regolith, leading to slower excavation
rate. However, significant operational and technological challenges also
arise in this architecture. Colder surface temperatures would negatively
affect high-temperature ISRU processes, increasing energy consumption
where no direct sunlight as a power source is available.

4. Lunar ISRU hybrid plant modeling

Fig. 2 shows the flow diagrams of the system architectures stud-
ied in this paper. For several subsystems, technologies are modeled
using ISRULib. ISRULib is an open-source component- and system-
level library of ISRU models developed by the Technical University of
Munich to carry out high-level technological trade-offs and preliminary
architectural definitions [51]. To estimate the mass and power of the
ybrid architectures proposed in this paper, parametric sizing models

for carbothermal reduction and water extraction subsystems are newly
developed. The models estimate mass and power budgets, as well as the
erformance of different technologies, based on analytical parametric
alculations, surrogate models from numerical simulations, and already
xisting ISRU hardware. Table 2 lists subsystem models employed in

this paper. Each of them is explained below in detail.

4.1. Carbothermal reduction of dry regolith

Carbothermal reduction (CR) is the process of reducing partially
molten (often metal) oxides using carbon in a form, such as methane,
as a reducing agent. This process generates carbon monoxide, which
can be further processed to reform CH4 and produce oxygen via water
electrolysis. Historically, the CR process followed by methanation has
been researched [7–9] and demonstrated extensively to extract oxygen
from lunar regolith simulants [10,11].

The chemical process can be generally expressed as:

CH4 → C + 2H2 (1)

MeO𝑥 + 𝑥C → Me + 𝑥CO (2)

CO + 3H2 → CH4 + H2O (3)

where MeO𝑥 and Me represent a general metal oxide and metal, respec-
tively. CR can process the silicate minerals and iron-bearing minerals
in lunar regolith [8]. Gustafson et al. [65] report that because of the

idespread distribution of suitable metal oxides for CR on the lunar
urface, mineral enrichment is not likely required for CR. However, it



K. Ikeya et al.

i

a
m
t
f

Acta Astronautica 230 (2025) 148–168 
Fig. 2. Flow diagrams of ISRU architectures considered in this paper. Mass flows across subsystems are shown. The diagram blocks crossed out in red are not modeled. (For
nterpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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is still necessary to classify as-mined regolith by size to improve the
reaction efficiency [66]. In this paper, it is assumed that the size-sorting
beneficiation (see Section 4.3.2) is applied before the CR process.

Silica (SiO2) is the most abundant metal oxide in highland regolith,
nd is the focus of this work. While CR is capable of reducing various
etal oxides at different temperatures, capturing this capability in

he model adds considerable complexity with diminishing returns on
idelity.

The reaction of silica with methane has been extensively modeled
by Balasubramaniam et al. [53] The reaction

SiO2 + 3C → SiC + 2CO (4)

occurs at 1250–2000 ◦C [67]. To achieve such high temperatures, the
use of solar thermal energy to melt a concentrated area of regolith has
been proposed and demonstrated [68,69]. These studies also suggested
to use regolith as a thermal insulator to protect reactor walls from
molten regolith. The use of concentrated solar thermal energy has been
experimentally simulated using lasers to demonstrate the CR process of
lunar regolith simulants in vacuum conditions as well [10].

Fig. 3 depicts a high-level schematic of the parametric sizing model
used for CR reactor mass and power estimations. From silica content in
the regolith, conversion rate, and dimensions of a molten regolith zone,
the reaction time of one molten zone can be calculated using the model
developed by Balasubramaniam et al. [53] The estimated reaction time
is used to calculate the minimum number of molten zones required to
meet the target production rate. The number of molten zones can affect
the dimensions of the reactor design, which affects the total mass of the
reactor (see Fig. 4 for the design of the reactor). The main material of
153 
the reactor and its minimum allowable wall thickness is set to Inconel
nd 3.0 mm, respectively.

The total power required from the solar concentrator can be divided
into four: power for heating and melting the regolith, for carrying out
he reaction, and the conductive and radiative heat losses to the envi-
onment. The heating power can be derived from the heat capacity of
he regolith, which is modeled in the literature [54,55]. The latent heat
f lunar highland regolith is calculated as 478.6 kJ/kg by Schreiner
t al. [70]. The enthalpy of the reactions described by Eqs. (1) and

(4) are reportedly 75.6 kJ/mol and 689.8 kJ/mol, respectively [71].
The conductive heat loss can be calculated from the geometry of the
molten zone and the reactor, and the thermal conductivity of lunar
regolith. Cremers and Hsia [72] reported the thermal conductivity of
Apollo 16 highland regolith as 1.0 − 1.5 × 10−3 W∕(m K) at around 400
K. Due to this extremely low thermal conductivity of lunar regolith, the
onductive heat loss can be practically ignored. The radiative heat loss
an be calculated from the molten zone geometry and its temperature
nd the environment temperature. Following the assumptions made
n [71], we use 0.7 as the emissivity of molten regolith, and we assumed

that there is an insulation cover on each molten zone with a small hole
on it. Due to these insulation covers, the radiation loss can be limited to
6.25% of the case without the covers. With these assumptions, the heat
loss from one molten zone can be calculated as about 26.6 W. From
these parameters and batch processing time, the average total power
required for CR reactors is calculated.

The mass of the methanation chamber is modeled based on the
ork of Schrenk [56]. In this model, the mass of a Sabatier chamber

is scaled based on a mass of those demonstrated in literature such
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Fig. 2. (continued).

Fig. 3. High-level schematic of a parametric sizing CR reactor model.
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Table 2
Summary of subsystem model types and assumptions.

Element Model type Notes and assumptions Refs.

Regolith mining
Excavator Existing hardware RASSOR 2.0 [52]

Dry regolith processing
CR reactor Param. size modeling Material: Inconel [53–55]
Methanation reactor Specific mass Reference: produced H2O, kg/h [56]
Particle size separator Param. size modeling Material: aluminum [57]
Condensor heat exchanger Param. size modeling Material: titanium [58]
Hopper Param. size modeling Material: Inconel (discharge and disposal)

Material: aluminum (supply)
Icy regolith processing

H2O extractor Surrogate modeling from (Kiewiet et al.) Material: Inconel [22]
and param. size modeling

H2O tank Param. size modeling Material: aluminum
Hopper Param. size modeling Material: aluminum

Mobile H2O transportation
H2O tanker Param. size modeling Based on payload ratio, aluminum tank,

and energy density
Electrolysis

PEM electrolysis stack Param. size modeling [56]
SOXE electrolysis stack Param. size modeling [59]
Dryers Param. size modeling Material: titanium [56]
Heat exchanger Param. size modeling Material: titanium [58]
Pump Specific mass Reference: fluid flow rate, L/min [60]

H2/O2 liquefaction
H2 Liquefaction subsystem Existing hardware, Compressor (Deserranno, et al.) [61]

and param. size modeling material: aluminum and neon [58]
O2 Liquefaction subsystem Existing hardware, Compressor (CryoTel®DS 30) [62]

and param. size modeling material: aluminum and neon [58]
Recycle and storage

Gas storage tank Param. size modeling Material: carbon/epoxy
Cryogenic storage tank Param. size modeling Material: aluminum and MLIs [63]
Pump Specific mass Same as above –

Thermal management
Radiators Specific mass Reference: reject heat, kg/kW [32,64]

Param. = parametric.
Fig. 4. CR reactor design. The number of molten areas is the same as the number of
solar energy feedthroughs, which affects the dimensions of the reactor.

as [73]. Following [56], the specific mass used for the methanation
subsystem is 17.9 kg per 1.0 kg/h of water produced. As discussed
later in Section 5.1, the mass of the methanation chambers is not a
main mass driver, and therefore, this simple specific mass model is
enough considering the scope of this paper. Parametric sizing models
for different chamber designs would be desirable for more detailed CR
architecture design decision-making.

4.2. Water extraction from icy regolith

In the proposed architecture, water from icy regolith is thermally
extracted in crucible water extractors [22,74] in a PSR. The perfor-
mance of these crucible water extractors is modeled following the work
of Kiewiet et al. [22]. Each extractor has resistive heaters providing
the required heating power. It is assumed that the entire extraction
process, from icy-regolith excavation to water storage, has a 75%
155 
mass recovery efficiency to account for line losses and losses occurring
during excavation or vapor capturing. This value is in agreement with
the assumptions made by Kleinhenz and Paz [23].

Kiewiet et al. [22] have optimized the heating time of a reactor with
different input power and different water ice content to maximize the
water yield using the COMSOL Multiphysics® software. In their study,
the water content of 1, 5, and 15 weight % (wt%), and the input power
of 500, 1500, and 2500 W were selected to see their effect on water
extraction rate and energy efficiency.

Fig. 5 depicts a schematic of water extractors’ mass and power
estimation developed for this paper. From the extraction efficiency
and the target oxygen and hydrogen production rate, the target water
extraction rate can be calculated. From the relationship between the
input power to an extractor, the average water ice content in excavated
regolith, and the water extraction rate, mentioned above, the model
can estimate the required power. Note that the relationship is fit to
a quadratic equation from the data points from Kiewiet et al. [22],
and the maximum allowable power input per reactor is set to 2500 W
to avoid extrapolation on the higher power side. When the input
power requirement exceeds 2500 W, the number of reactors is modified
iteratively.

The mass of the reactor is estimated from the crucible reactor design
with a diameter of 0.46 m and a height of 1.0 m [22]. Ignoring other
volatile gases, the required wall thickness is calculated from hydrostatic
pressure based on the water content with a minimum thickness of
3.0 mm and Inconel is selected as reactor material.

4.3. Supporting subsystems

Besides the principal oxygen and water extraction processes, the
required supporting subsystems, including shared infrastructure, are
also modeled to provide a holistic end-to-end representation of the
entire ISRU production plants. This subsection briefly summarizes the
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Fig. 5. High-level schematic of a parametric sizing WE reactor model.
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excavation, beneficiation and water transportation subsystems. For the
shared subsystems, see Section 4.4.

4.3.1. Excavation and handling subsystem
The excavator models are based on NASA’s Regolith Advanced

urface Systems Operations Robot (RASSOR) 2.0 [52]. RASSOR 2.0
includes two sets of two bucket drums that produce opposing digging
forces, causing a net-zero horizontal reaction force and enabling its
operation under reduced lunar gravity. It should be noted that excava-
tion of icy regolith may be more challenging than that of dry regolith
depending on how ice is formed in a PSR [75]. Without having enough
information about the water ice structure on the Moon, this paper
ssumes RASSOR 2.0 is used for both dry and icy regolith excavation.

The required power for the excavation is also assumed to be the same
between dry and icy regolith. While the first generation of RASSOR
demonstrated the excavation of lunar regolith simulant with water
ice [76], further demonstration for various water ice content needs to
be conducted.

Both excavators deliver regolith to hoppers sized to accommodate
three batches of the H2O extractor and CR reactor, respectively, to ac-
count for buffer storage due to operational mismatches. The discharge
nd disposal hoppers of the dry-regolith processing plant are made of
nconel to withstand the carbothermal reduction temperature. Since
oth supply hoppers and the disposal hopper of the icy-regolith process-
ng plant have to withstand lower operating temperatures, aluminum
s selected as a structural material in this case.

4.3.2. Beneficiation subsystem
A particle size separator is included to remove the coarse regolith

raction. Although the particle size effect on the carbothermal reduction
of lunar regolith is not well-researched, Samouhos et al. [66] claim that
he smaller particle size leads to higher efficiency in the reduction by
ncreasing the relative surface area between regolith and carbon. Haas

and Khalafalla [77] also reported a decreasing efficiency of carboth-
ermal reduction around the silica particle size of 0.13 mm. Without
further information on particle size effects on carbothermal reduction
of lunar regolith, this paper assumes that the particle size separator
removes particles with a diameter larger than 0.15 mm. The particle
size separator is based on the model by Linne et al. [7], where a
rough covered by a size-sorting grate dumps regolith from a hopper

to an auger conveyor that transports the granular material to the
next subsystem. The main mass and power driver of this beneficiation
subsystem is the auger, which is modeled based on Benedi et al. [57].
Hence, while the size sorter in the study by Linne et al. is designed
for removing particles larger than 25 mm, the differences in the mass
and power consumption between their system and the proposed one are
assumed trivial. Note that there may be more appropriate techniques
 b
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for the size sorting of small highland regolith particles. For instance,
Al Moinee et al. [78] used an electrostatic sieve to separate particles
maller than 0.5 mm into three groups. For more detailed ISRU design
onsideration, a tradeoff study of available beneficiation technologies
nd a careful consideration of feasible operations would be necessary.

4.3.3. Water transportation
The model developed by Kleinhenz and Paz [23] is considered for

the water tankers discussed in Section 3.3. The tankers are composed
of a mobility platform and a payload, which includes a water tank,
a battery, and a communication and navigation unit. The mobility
platform mass is based on a payload ratio (payload mass/mobility
platform mass) of 1.5, similar to RASSOR 2.0. The aluminum tank
is modeled based on its water capacity, including a 50% ullage. The
battery energy density is 140 Wh/kg, allowing for a maximum 80%
discharge. These same battery properties are used for the RASSOR 2.0
excavators. The charging stations at the propellant production and H2O
extraction plants can provide enough power to allow for a 5-h excavator
and a 10-h tanker recharge time. As mentioned in Section 3.3.1, water
tarts to thaw after a tanker leaves the PSR. The required time for this

process is calculated from the thermal environment of the tanker. The
developed model compares this time with the charge time and adds
extra time for waiting for this process to be done when necessary.

The tankers deliver water to a fixed aluminum tank at the H2/O2
roduction plant, which is 3 times larger than the total tankers’ water
ank volume to account for operational mismatches. The water tank
ass also includes a Commercial-Off-The-Shelf (COTS) pump , which is
odeled based on those for space applications by Micropump, Inc. [26,

58,60]

4.4. Shared infrastructure

Most of the shared infrastructure between the oxygen and hydrogen
coproduction from lunar icy and dry regolith is shown in green dashed
lines in Fig. 2. This shared infrastructure includes the water tank and
electrolyzer, the H2 and O2 liquefaction and cryostorage subsystems,
and high-pressure tanks to supply gas for the carbothermal reduction,
accounting for buffer storage due to operational mismatches. A COTS
pump is included before the pressurized vessels to store H2 and CH4
at 300 bar, and 200 bar, respectively [79], and average PEL temper-
ature. It must be noted that the energy required to cool down the
xhaust gas stream before the electrolysis is partially recuperated and
sed to preheat the intake methane stream. Therefore, an additional
ondensing Heat Exchanger (CHX) is included between the pressurized
essel and the reactor to further increase the gas temperature to the
perating temperature. Optimal storage conditions of reactants should
e discussed in the future.
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Fig. 6. Electrolysis subsystem (Electrolyzer) architectures. Mass flows across components are shown. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Table 3
Mass and power comparison of water electrolysis technologies. Sized for 10 t of oxygen
er lunar year.

SOXE PEM

Mass [kg] 418 567
Electrolysis 101 12
Termal management 317 555

Power [W] 7756 23,000

It must be noted that no fluid purifier is considered in this study.
he criteria for designing such a subsystem are largely undefined since

lunar water contaminants are yet to be fully characterized [80].

4.4.1. Thermal management subsystem
Some subsystems require thermal management to exhaust heat.

In this paper, radiators are considered to accomplish this purpose.
Subsystems that require radiators in this paper are a CHX for CR, an
electrolysis subsystem, and a liquefaction subsystem.

Due to different thermal conditions between a PSR and a PEL,
he required surface area to reject a unit amount of heat should be
ifferent. Guerrero-Gonzalez and Zabel [32] estimated 40 kg of radiator
equired to reject 1 kW heat based on Guerrero-Gonzalez [81] at

a PSR. Simonsen et al. [64] also estimated the required mass of a
adiator system for different regions on the Moon. In their study, to
eject 201 kW heat, the mass of the thermal management system was
stimated as 10, 681 kg at the South Pole. Therefore, in this paper, the
ass factor of 53 kg/kW is considered for radiators in a PEL.

Since CR is conducted in a PSR for the SH architecture, a radiator
is assumed to be placed in a PSR. The rest of the radiators for the SH
architecture as well as those of the PH architecture are placed in a PEL.

4.4.2. Electrolysis subsystem
Different water electrolysis technologies, such as high-temperature

Solid Oxide Electrolysis (SOXE) [82], Proton Exchange Membrane
(PEM) electrolysis [83], or alkaline electrolysis [84], have already been
discussed in the context of space exploration [85]. In this study, the two
most commonly researched electrolysis architectures, SOXE and PEM
(Fig. 6), are evaluated regarding their subsystem mass and required
power.

Table 3 lists the mass and power consumption estimated for both
systems sized to generate 10 t of oxygen and 1.25 t of hydrogen per
lunar year. The mass and power in this table are summations of all
components shown in Fig. 6 and radiators. As can be seen in Table 3,
the mass of the PEM electrolysis subsystem can be significantly lighter,
while it requires larger radiators. Regarding required power, the SOXE
lectrolysis requires less power. Therefore, this paper employed the

SOXE subsystem for further analysis.
157 
4.4.3. Gas liquefaction and storage subsystem
Johnson et al. [63] compared several oxygen liquefaction methods

for use on the Martian surface. From their analysis, the tube-on-tank
cycle was adopted for both hydrogen and oxygen liquefaction in this
study due to its performance and simple adaptation to the lunar en-
vironment. The system consists of a tank equipped with small tubes
mounted around its external wall. The working fluid circulates through
the tubes and is cooled by a series of cryocoolers. The cryogenic
tanks are sized in aluminum to accommodate the entire yearly gas
roduction. No additional power is included for storage maintenance
ecause the system is a zero boil-off design.

5. Mass, power, and sizing results

In this section, the mass and power budgets of the hybrid ISRU plant
are compared with more conventional plant architectures. The budgets
were estimated using the model described in Section 4. The landed mass
nd required power of each architecture are compared following the
aseline case (Section 5.1) and sensitivity analyses are conducted in

Section 5.2. The developed model is further compared with past studies
n Appendix.

5.1. Comparison of resource extraction architecture

To compare all architectures, each plant is designed to produce the
ame LOX amount. Since the hydrogen generated from the CR process
s recycled for the methanation process (Eq. (3)), additional LH2 and

its storage tank are assumed to be brought from Earth to compensate
for the lack of produced hydrogen. Furthermore, even though both
methane and hydrogen are recycled in the CR process, their recycling
rate is unlikely to be 100%. Lavagna et al. [86] reported a recycling
rate of 91% from their experiments. In this paper, we use this value of
91% as a baseline recycle rate assuming additional gaseous methane
and hydrogen are brought to the Moon to compensate for this reactant
oss. Due to the additional methane and hydrogen from Earth, the
omparable landed masses on the Moon of the CR architecture, and all

hybrid architectures depend on the operational period. Table 4 lists the
estimated mass and power of each subsystem of each plant architecture
caled to produce 10 t of LOX per lunar year with 1.25 t of LH2 either

produced or brought to the plant additionally. The Parallel Hybrid
architecture on this table is designed to produce 5.0 t of LOX from water
generated from the methanation, and the rest from the water from the
PSR.

Figs. 7 and 8 are bar charts of mass and power breakdown. In
ddition to the four architectures in Table 4, the Parallel Hybrid

architectures with different hybrid ratios are added. The landed mass
of the CR architecture turned out to be the lightest compared to the
thers for one year of operation (Fig. 7(a)). As the operational period

becomes longer, the additional hydrogen and methane from Earth
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Table 4
Mass and power estimation of each architecture. Sized for 10 t of oxygen and 1.25 t of hydrogen per lunar one year. The operational period is set to one year.

Element Mass [kg]a Power [W]a

CR WE PHb SH CR WE PHb SH

Dry regolith mining
Excavator 111 – 111 – 633 – 633 –

Dry regolith processing
CR reactor 381 – 216 340 41,641 – 20,821 29,595
Methanation reactor 54 – 27 42 – – – –
Particle size separator 5 – 2 2 15 – 8 10
Condensor heat exchanger 4 – 2 3 – – – –
Hoppers 31 – 31 27 15 – 8 10

Icy regolith mining
Excavator – 111 111 111 – 633 633 633

Icy regolith processing
H2O extractor – 461 230 115 – 25,918 12,959 5,593
H2O tanks – 174 68 174 – – – –
Hoppers – 47 31 20 – – – –

Mobile H2O transportation
H2O tanker – 2557 1014 2557 – 1,769 673 1,769

Electrolysis
SOXE electrolysis stacks 100 100 100 100 7,182 7,182 7,182 7,182
Dryers 1 1 1 1 – – – –
Heat exchangers 0.2 0.2 0.2 0.2 – – – –
Pumps 0.4 0.4 0.4 0.4 574 574 574 574

H2/O2 liquefaction
H2 Liquefaction subsystem – 1665 834 475 – 22,113 11,057 6 318
O2 Liquefaction subsystem 179 179 179 179 5,616 5,616 5,616 5,616

Recycle and storage
CH4 storage 27 – 27 27 – – – –
CH4 recycling pump 0.4 0 0.4 0.4 67 – 67 67
H2 storage 39 757 431 231 – – – –
H2 recycling pump 0.4 0 0.4 0.4 5 – ̇ 2 3
O2 storage 804 804 804 804 – – – –

Thermal management
Radiators at PEL 513 453 483 439 – – – –
Radiators at PSR – – – 45 – – – –

Additional materials from Earth
Additional H2

c 1591 – 795 1220 – – – –
Additional H2 tanks 571 – 306 445 – – – –
Additional CH4

d 906 – 453 696 – – – –
Additional CH4 tanks 61 – 38 51 – – – –

Total 5378 7309 6298 8106 55,732 63,806 60,223 57,361

a All values include 30% growth [47] except for additional H2 and CH4 mass.
b 5 t of LOX is generated from CR and the rest 5 t from WE (1:1 ratio).
c Additional H2 for reactant loss (91% recycling efficiency) and product compensation.

d 91% recycling efficiency.

g

t
c

become heavier, making the WE architecture the lightest (Fig. 7(b)).
The main mass drivers other than additional methane and hydrogen
re the water tankers and the liquefaction subsystem. Since liquefying
ydrogen requires heavy cryocoolers (see, e.g., Deserranno et al. [61]),

the liquefaction subsystem of the CR architecture becomes the lightest.
The SH architecture turns out to be the heaviest in both analyzed
operational periods. This is because the SH architecture largely depends
on oxygen from CR rather than WE, requiring additional hydrogen and
methane from Earth. Furthermore, since all water is produced in the
PSR, this architecture requires the same amount of water tankers as
the WE dedicated plant, which is another major mass driver.

As can be seen in Table 4 and Fig. 8, the main power drivers
re the CR reactor, the water extractor, the electrolysis subsystem,
nd the liquefaction subsystem. As can be seen, the water extractor
tself requires less power than the CR reactor. However, due to the
iquefaction of hydrogen, the total difference in power consumption
etween the CR and WE architectures is about 8 kW. While the CR
rchitecture requires the least power, the difference in power consump-
ion between the CR and SH architectures is relatively small (∼1.6 kW).
n the SH architecture, the low temperature at the PSR increases the
nergy required to heat regolith and leads to higher radiative heat loss.
owever, by partially relying on the less power-consuming WE process

or oxygen production, the total power required for the CR reactor
emains lower than that of the SH architecture.
 W
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It is important to note that the total power consumption is cal-
culated under the assumption that water extraction and CR reactor
operation occur simultaneously in hybrid architectures. If these pro-
cesses are carried out at different times, power consumption at any
iven moment may be lower than the values presented here. Fu-

ture studies should explore optimal operational strategies to minimize
power consumption for each architecture.

5.2. Sensitivity analyses

As mentioned, the CR process requires additional H2 and CH4;
herefore, the landed mass of any architecture with the CR process
hanges depending on the operational period. Fig. 9 shows the change

in the landed mass of each architecture in response to varying opera-
tional periods. Each architecture is designed to produce 10.0 t of LOX
and 1.25 t of LH2 annually. As can be seen in this figure, the order of
architectures except for the SH is reversed between one year and two
years’ operation regarding their landed mass. For six years or longer
operation, the CR architecture requires the most landed mass.

The effect of the target production rate on the comparable mass
and the power consumption are summarized in Figs. 10, and 11. As
can be seen, there are near-linear trends for both mass and power
against the production rate. Among the analyzed range, 1–20 t of
oxygen per year (Fig. 10(a)), the SH architecture is always the heaviest.

hile the CR architecture can be the lightest regardless of the target
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Fig. 7. Breakdown of landed mass for different architectures.
Fig. 8. Breakdown of required power for different architectures.
production for one year of operation (Fig. 10(a)), for three years of
operation (Fig. 10(b)), the advantage of the WE architecture becomes
clearer due to the extra methane and hydrogen required for the other
architectures. When comparing the power consumption (Fig. 11), the
159 
CR plant appeared to be the least power-consuming while the WE
plant requires the most power for the majority of the studied range.
Compared to the landed mass, the variance in the power consumption
among all architectures remains relatively small.



K. Ikeya et al.

i
a
F

t
a

w
t
w
p
s

c
f

Acta Astronautica 230 (2025) 148–168 
Fig. 9. System mass as a function of operational period. The target production mass
and the CR reactant recycle rate are set to 10.0 t of LOX and 1.25 t of LH2, and 91%,
respectively.

Fig. 12 shows the system mass dependence on the CR reactant,
.e., CH4 and H2, recycle rate. As can be seen in this figure, there is
 linear relationship between the recycle rate and the landed mass.
or one year of operation (Fig. 12(a)), the CR can be the lightest

architecture. For a higher recycling rate, the difference between the WE
and the SH architecture can be almost negligible. When the operational
period is three years (Fig. 12(b)), the WE can be the lightest regardless
of the CR reactant recycle rate.

Water ice content in the excavated regolith in a PSR also affects
he comparable landed mass and the power consumption of the WE
nd the hybrid plants significantly (Figs. 13 and 14). Generally, as

water content increases, both the landed mass and power consumption
decreases. This trend affects the heaviest plant architecture, as well as
the most and the least power-consuming plant architectures. As can
be seen in Fig. 13(a), the water content has the largest impact on the
mass of the WE architecture for one year operation. However, for three
years’ operation (Fig. 13(b)), the landed mass of the SH architecture
becomes significantly lighter as the water content becomes larger. This
is because as the water content increases, the SH architecture depends
more on the WE from the icy regolith rather than the CR of the dry
regolith, making the system mass for dry regolith processing smaller.
Since the CR architecture can be a lot heavier than the WE architecture
for the three years of operation, the SH architecture can be lighter by
depending less on the CR architecture.

Regarding power requirements, the WE architecture is affected the
most by the water content due to its sole reliance on the WE process.
As a result, the WE architecture consumes the most power when the

ater content is smaller than or equal to 4 wt% while it becomes
he least power-consuming architecture when the water content is 6
t% or higher. In contrast, the SH architecture requires relatively low
ower across the analyzed range. This is because the SH architecture
ignificantly depends on the CR process more when the water content

is low, and gradually shifts its reliance to the WE process as water
ontent increases. The water content in the PSR is further considered
or uncertainty analyses (Section 6.1.3).

6. Uncertainty in lunar ISRU

6.1. Uncertain parameters

As indicated by the study by Cilliers et al. [30], there exists the risk
of underperformance when various uncertainties, such as in resource
160 
Fig. 10. System mass as a function of target production rate. The CR reactant recycle
rate is set as 91%.

Fig. 11. System power as a function of target production rate.
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Fig. 12. System mass as a function of the CR reactant recycle rate. The target
production mass is set to 10.0 t of LOX and 1.25 t of LH2.

Table 5
Monte Carlo parameters for uncertainty consideration.

Variable Distribution (𝜇 , 𝜎2)

Particle size mass fraction [wt%]  (62.6, 8.32)
Silica content [wt%]  (45.2, 0.932)
Water ice content [wt%] Nominal: Log-normal (ln(4), 0.32)

Best:  (30, 22)
Water yield [–]  (0.75, 0.052)
Operational availability [days/year]  (200, 102)

content, are not considered. To assess the benefits and drawbacks of
each ISRU plant architecture compared in Section 5, this paper further
nalyzes the effects of uncertainties on the performance of the plant.
nspired by the aforementioned study by Cilliers et al. Monte Carlo
imulations of 5000 scenarios with different values for parameters re-
ated to the lunar environment and ISRU operations is utilized to reveal
he performance of each ISRU architecture under various conditions.

Table 5 summarizes the Monte Carlo parameters assumed in this study.
161 
Fig. 13. System mass as a function of water ice content in regolith.

Fig. 14. System power as a function of water ice content in regolith.
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Fig. 15. Particle size distributions of 75 Apollo 16 samples obtained from Graf [87].
The black vertical line represents 150 μm.

Fig. 16. Distribution of mass fraction of 75 Apollo 16 samples with a particle size
smaller than 150 μm.

6.1.1. Particle size distribution of lunar highlands regolith
After excavation, the particle size separator removes the coarse re-

golith fraction (Fig. 2). In this work, to improve the conversion time of
the CR, it is assumed that particles larger than particles larger than 150
μm are removed as mentioned in Section 4.3.2. A further assumption is
that the lunar surface in the southern polar region is mainly covered
by highlands regolith similar to Apollo 16 samples [88,89]. Fig. 15
shows the particle size distributions of 75 Apollo 16 samples reported
by Graf [87]. From these distributions, Fig. 16 is generated to depict
the distribution of the mass fraction of the excavated regolith between
90 and 1000 μm. As can be observed in Fig. 16, the mass fraction is
normally distributed with a mean value of 62.6 wt% and a standard
deviation of 8.3 wt%, i.e.,  (62.6, 8.32). Therefore, the mass fraction
of excavated regolith in the southern polar region is assumed to follow
this distribution.

6.1.2. Silica content in lunar highlands regolith
As reported by Ridley et al. [90], silica is the most dominant metal

oxide in lunar highlands regolith. The Apollo 16 sample 60 501 contains
45.24 wt% of silica with a standard deviation of 0.93 wt%. Without
further information on the silica content of the lunar southern polar
regolith, we also assumed  (45.2, 0.932) as a distribution of the silica
content.
162 
6.1.3. Water ice content in the lunar south polar region
Compared to the silica concentration, information regarding water

ice content in the southern polar region of the Moon is significantly
more limited. A great number of past studies have tried to estimate
the icy water content in PSRs. For instance, Colaprete et al. [36]
analyzed Lunar Crater Observation and Sensing Satellite’s ejecta plume
and concluded that the water ice content in the impact site (Cabeus
crater) was 5.6 ± 2.9 wt%. The authors also noted that icy water might
exist heterogeneously. Hayne et al. [37] supported this heterogeneity
showing some cold traps, where water ice can be thermally stable, do
not have exposed water ice. This also aligns with the finding of only
3.5% of PSRs probably having surface ice by Li et al. [38]. From UV
albedo values, Hayne et al. concluded that 0.1–2.0 wt% of water ice
might be exposed in some PSRs if the ice is intimately mixed with dry
regolith, whereas 1%–10% of surface area would be icy if this is pure
and patchy.

More recently, using the data from the Moon Mineralogy Mapper,
Li et al. [38] estimated the water content in PSRs by detecting near-
infrared absorption features of water ice in reflectance spectra. This
study revealed that ice-bearing pixels (280 m × 280 m) may contain
around 30 wt% of ice intimately mixed with regolith or 20 vol% if pure
and patchy ice exists. This is a good agreement with Zuber et al. [91],
who concluded that 20% superficial thin (∼1 μm) ice may exist in
the Shackleton crater. As Cannon and Britt [92] argued, estimations
made by Hayne et al. [37] and Li et al. correspond to only surface
ice (micrometers to millimeters depth), whereas the value measured
from the Lunar Crater Observation and Sensing Satellite impact might
be subsurface data (tenths of centimeters depth).

These past studies indicate significant heterogeneity of water ice in
the southern polar region might be expected. With all the information
available to this date, it is hard to conclude the water content in ex-
cavated icy-regolith. Therefore, this work tests two different scenarios:
a nominal and a best-case scenario. In the nominal scenario, the large
ice content reported by Li et al. [38] exists only on the surface, and
the actual ice content in the excavated regolith is smaller than that,
which aligns with Cannon and Britt [92]. For this scenario, to avoid
negative values, a log-normal distribution with a median value of 4
wt% and a variance of 0.3 wt%2 is considered as the distribution of the
ice content. We also test the other scenario where there indeed is more
ice in the excavated regolith as reported by Li et al. within a reachable
area from the PEL site. For this scenario,  (30, 22) [wt%] is employed.
See Fig. 17 for employed distributions as well as some reported values
in past studies.

6.1.4. Water yield
The water yield efficiency of the WE technology is another uncertain

parameter. Kleinhenz and Paz assumed 75% efficiency [23]. Cole et al.
reported 67 ± 5% of WE in 25 min of heating from highland regolith
simulant [24]. From these studies, this paper assumed 75% mean
efficiency with 5% of variance.

6.1.5. Operational availability
Although this work does not prescribe a detailed power system,

operational uncertainty related to the power source should be consid-
ered. Assuming solar power, operational availability depends on how
much sunlight the plant can receive. Mazarico et al. [39] simulated
the sunlight availability of many PELs in both northern and southern
polar regions (see supplementary tables 2a and 2b). According to their
simulation, the best location near the ridge of the Shackleton crater
can get about 202 days of continuous sunlight which aligns with the
assumption made by Linne et al. [7] Therefore, a normal distribution
 (200, 82) [days per year] is assumed in this paper.
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Fig. 17. Water ice content. Values from past studies [36–38] and the distributions
considered in this paper.

6.2. Lunar ISRU performance under uncertainty

Using the varying parameters listed in Table 5, we run Monte
Carlo simulations for 5000 scenarios. Each scenario selects a different
parameter set following distributions listed in Table 5. Fig. 18 depicts
he regolith excavation rate of each architecture. As can be seen in
his figure, the CR and the SH architectures require much smaller
xcavation rate than the WE and the PH architectures. This is due
o the high oxygen yield of the CR technology compared to the WE
echnology. The SH architecture can potentially achieve a even higher
ield than the CR architecture by extracting oxygen from both regolith
nd water ice. However, due to the distance between a PEL and PSR,
ydrogen generated in the PEL is not recycled to the methanation
rocess (Eq. (3)) in this architecture. This limitation leads to the yield

of the SH and CR architecture almost the same. The uncertainty in the
water ice content makes the required regolith excavation rates for the
WE and the PH architectures unclear. For instance, for the WE architec-
ure, 79 kg/h of regolith excavation is required to produce 10 t of liquid
xygen and 1.25 t of liquid hydrogen with a 50% confidence. However,
o achieve a 95% confidence, the required excavation rate becomes 132
g/h. According to Mueller et al. [52], RASSOR is designed to excavate

at least 2.7 t of regolith per day (112.5 kg/h). Therefore, depending
on the condition, the WE architecture has a risk of not meeting the
excavation mass target unless a redundant excavator is considered.

Fig. 19 shows the histograms of the power consumption of each
architecture with varying parameters. As can be seen, the average
required power of the WE architecture is the highest and that of the
CR is the lowest. The average power values of the SH and the PH
are between those of the CR and WE. Although the average power
consumption of the WE architecture is higher than the other archi-
tectures, due to the larger uncertainty in the water ice content, the
histogram of the WE architecture shows the widest variety in its power
consumption. The lower bound of power consumption for both the
CR and WE architectures is similar. Specifically, at the 5% confidence
evel, the required power for the WE architecture is approximately 52
W—only about 1 kW higher than that of the CR architecture. The non-

normality observed in this figure is due to the non-continuity of some
esign parameters. For instance, the number of molten zones for the CR
rocess and the number of cryocoolers to liquefy oxygen and hydrogen
ust be integers, making several peaks in the histograms.

Figs. 20 and 21 are the results of the Monte Carlo simulations
with the best-case water content (i.e.,  (30, 22) [wt%]). With this
abundance of water ice in the lunar southern pole, the SH architecture
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Fig. 18. Excavation rate to meet target production, 10 t of LOX and 1.25 t of LH2.
The nominal case for water ice content distribution: 𝐿𝑜𝑔-𝑛𝑜𝑟𝑚𝑎𝑙 (𝑙 𝑛(4), 0.32) [wt%].

Fig. 19. Power consumption to produce 10 t of LOX and 1.25 t of LH2. The nominal
ase for water ice content distribution: 𝐿𝑜𝑔-𝑛𝑜𝑟𝑚𝑎𝑙 (𝑙 𝑛(4), 0.32) [wt%].

significantly outperforms the other architectures in terms of the regolith
xcavation rate (Fig. 20). For power consumption (Fig. 21), the WE
lant is expected to require the least followed by the SH. The similar

non-normality seen in Fig. 19 is observable in Fig. 21, too.
Finally, the required comparable mass including the additional hy-

rogen and methane for one year’s operation are summarized in Fig. 22.
For both water ice content distributions, the CR plant mass variance is
ignificantly smaller than the others. In terms of the expected system

mass, the lightest architecture is the CR while the heaviest is the SH
rchitecture.

7. Discussion

7.1. Summary of key findings

As can be seen in Fig. 7(a), the CR, architecture appears to be
the lightest for one year operation. This result is aligned with what
Kleinhenz and Paz concluded [23], although the mass of additional
methane mass and its storage due to the imperfect reactant recycling is
ften overlooked in the literature.

For power consumption, while the CR architecture requires the least
power in the baseline case (Fig. 8), it is revealed that the promising ar-
chitectures change drastically depending on the water content (Figs. 14,
19, and 21). It should be noted that the CR technology in this paper
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Fig. 20. Excavation rate to meet target production, 10 t of LOX and 1.25 t of LH2.
The best case for water ice content distribution:  (30, 22) [wt%].

Fig. 21. Power consumption to produce 10 t of LOX and 1.25 t of LH2. The best case
for water ice content distribution:  (30, 22) [wt%].

requires direct thermal power instead of electrical power. This can be
articularly challenging for the SH architecture since the CR process of
his hybrid architecture is conducted in a PSR. This requires a mirror
ystem suggested by Sowers and Dreyer [15], indicating more landed

mass is required compared to the other architectures.
From the Monte Carlo studies (Section 6), the WE architecture

turns out to require the largest excavation rate range, highlighting the
challenge of engineers to optimize its design. This can also be seen in
Fig. 22 as the widest range of the required system mass for the WE
plant. Table 6 summarizes the required mass with a 50% confidence
o meet the target production rate and those with a 95% confidence.
o improve the robustness of each plant design, 95% confidence is

more desirable. With the nominal assumption of water content, the
WE architecture requires 1017 kg of additional mass to achieve this
confidence while the CR architecture only requires about 185 kg.

7.2. Benefits and risks of each plant architecture

7.2.1. Carbothermal reduction architecture
The CR plant requires a slow excavation rate (Fig. 18) due to

the high oxygen yield of the process. Moreover, the CR plant can
be the lightest architecture when the operational period is one year
Figs. 10(a), 12(a), and 13(a)) and the least power-consuming archi-

tecture in comparison depending on the water content (see Figs. 14
164 
Fig. 22. Mass requirement to meet target production of 10 t of LOX and 1.25 t of
LH2.

Table 6
Baseline mass and additional mass for the improved robustness.

(a) Water ice content: Log-normal (ln(4), 0.32) [wt%].

Confidence level to meet Comparable mass [kg]

the target production CR WE PH SH

50% 5414 7428 6429 8202
95% 5600 8445 6897 8956

(b) Water ice content:  (30, 22) [wt%].

Confidence level to meet Comparable mass [kg]

the target production CR WE PH SH

50% 5415 6932 6159 7506
95% 5596 7785 6574 8347

and 19). However, this architecture depends the most on the import of
resources from Earth (Fig. 7), which can make it significantly heavier
and costly) when the operational period is longer (Fig. 9).

7.2.2. Water extraction architecture
As the Monte Carlo analyses reveal, the WE plant has the widest

ange in the required regolith excavation rate (Fig. 18), required power
(Fig. 19), and landed mass (Fig. 22) While it can still be the lightest
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plant architecture for operations lasting two years or longer (Fig. 9),
achieving greater system robustness requires significantly more mass
(Table 6).

If the water content in the excavated regolith is indeed as high as
30 wt% as reported by Li et al. [38], the expected regolith excavation
ecomes smaller (Fig. 20) and the expected power consumption be-
omes the smallest (Fig. 21). However, if the water content is low, this

architecture demands substantially higher power (Fig. 14). Therefore,
ecision-makers must carefully evaluate this option and ensure greater
ertainty in water content before implementation.

7.2.3. Parallel hybrid architecture
The performance, indicated by the power consumption, and regolith

excavation, of the PH architecture turned out to be between that of the
CR and the WE architectures (see e.g., Figs. 11 and 13). The required
landed mass for the PH architecture is not the lightest. However, the
mass difference between the PH architecture and the CR or the WE
architecture not always significant (see e.g., Fig. 10), indicating that
one can gather a lot more information that cannot be obtained from
the CR or WE architecture by adding a little mass. Therefore, having a
ybrid pilot plant to gather more information to help decision-makers
ake more informed decisions for a full-scale plant could be beneficial.
his potential flexibility in the operation and deployment of a hybrid
lant should be explored in the future.

7.2.4. Series hybrid architecture
The obvious benefit of the SH architecture is the small regolith

xcavation rate with a small variance regardless of the water ice content
(Figs. 18 and 20). This merit comes with a cost as the required mass
which is often the heaviest among the examined architectures (see
e.g., Fig. 22). This mass cost can become even larger when we consider
he technological challenge of performing the CR process in a PSR.

Regarding power consumption, this architecture is expected to re-
uire relatively small power in comparison regardless of the water
ce content (Figs. 14, 19, and 21). Therefore, for risk-averse decision-
akers, this architecture would be advisable.

7.3. Limitations and direction for future work

In this paper, the performances of different lunar ISRU architectures
are compared quantitatively. As Kiewiet et al. [22] discussed, however,
ualitative aspects of each technology, such as technological maturity
hould also be considered as part of the criteria. The maturity of the

technologies and the complexity of each design were considered as
criteria by Taylor and Carrier [25]. Similar analysis to these studies
should be conducted in the future to help decision-makers consider
ther perspectives.

Furthermore, there are risks inherent in each plant architecture. All
considered architectures employ water electrolysis to produce oxygen
and hydrogen. There exists a risk of potential suspension of the prod-
ucts when a technological malfunction occurs. The benefit of deploying
multiple smaller-scale plants similar to the study by Linne et al. [7]
hould be explored as well.

For the SH architecture, rejecting a large heat load in a PSR can af-
fect the environment in multiple ways. It could lead to the sublimation
of icy water in the PSR. It also could affect the icy regolith underneath
the processing plant. Without carefully assessing these risks, the SH
architecture should not be deployed on the Moon.

Global optimizations of the entire design and operations are left
or future work. Adjusting certain parameters, such as the size of
he molten zone in the CR process, may lead to a more optimal
esign. Additionally, design parameters can affect the operations of
ach architecture, potentially impacting both average and peak power
onsumption.

This paper also does not explore the flexibility in the operation
nabled by a hybrid plant. Deploying a hybrid plant can gather more
165 
data than a single technology plant, indicating the better decisions to
be made next. This flexible operation will be discussed in the future.

For a more detailed ISRU system design, improving the fidelity of
ertain subsystem models is desirable. Incorporating a parametric sizing
odel for the methanation chamber and integrating various beneficia-

ion technologies may provide decision-makers with additional insights
nto system design and operations.

Finally, the inclusion of power systems and consideration of dif-
erent technologies, such as microwave heating of icy regolith, would
elp decision-makers to better understand the trade space between
ifferent architectures. A similar approach to this paper, subsystem-
evel modeling, and uncertainty analysis, can be taken for such an
xtension, as well.

8. Conclusion

This paper has proposed a new lunar ISRU production plant ar-
hitecture integrating both carbothermal reduction of dry regolith and

water extraction from icy regolith. Two different types of hybrid plants
are explored. The parallel hybrid architecture has two mining sites in
both a PEL and a PSR processing regolith simultaneously. In the series
ybrid architecture, dry regolith tailing from the water extraction is
urther processed by carbothermal reduction. The potential concept of

operations of the proposed hybrid architectures is discussed in detail.
The proposed hybrid plant architectures are compared with con-

ventional carbothermal reduction and water extraction plants in terms
of mass and power. The total mass and power are estimated from the
ubsystem-level models of each plant design. Some key parameters that
ffect the mass and power significantly, such as water ice content, are
etected and investigated. Furthermore, Monte Carlo simulations of
000 scenarios have detected the range of required excavation rate and
he power consumption of each plant design.

The uncertainty in water ice content largely affects the required
excavation rate as well as power consumption. This suggests the urgent
need to gather more information on lunar water ice. The series hybrid
architecture turned out to be a reasonable choice in terms of the
regolith excavation rate showing its merit regardless of the water ice
content. This architecture also consumes relatively low power among
all considered architectures. However, the series hybrid architecture
becomes the heaviest architecture in many cases.

Although this paper focuses on the plant designs, the potential
flexible operations enabled by the proposed hybrid design should be
explored further. By gathering more information on both technologies
and their operations in the lunar environment, a hybrid pilot plant may
provide crucial information for engineers and mission architects. It can
help, ultimately, inform better decisions for full-scale plant design and
deployment in the coming decades.
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Table A.1
Comparison of the carbothermal reduction plant with Linne et al. [7].

Element Mass [kg]a Power [W]a

Est. value Linne et al. Est. value Linne et al.

CR reactor 572 177 48,270 43,290
Desulfurization (not modeled) 78 (not modeled) 20
Methanation reactor 51 42 – –
Recycle loop compressor 1 2 204 1,482
Heat exchanger 5 17 – –
Condenser/electrolyzer H2O tank (not modeled) 28 – –
System gas tank w/compressor (not modeled) 18 (not modeled) 450
H2 tank 10 8 – –
CH4 tank 3 8 – –
Hoppers 94 123 – –
Materials size-sorting and transporting 2 227 12 610
Electrolysis pump 3 6 128 450
PEM stuck 8 152 16,145 9,150
Dryers 1 4 – –
Electrolysis valves and lines (not modeled) 38 – –
Excavator 223 276 1266 –

a All values include 30% growth [47].
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Appendix. Comparisons with existing mass and power estimation

This appendix compares the mass and power of each subsystem
estimated from the proposed model with values reported in two past
studies [7,23]. Table A.1 lists the mass and power of each subsystem
estimated using the proposed model and reported in Linne et al. [7].
Linne et al. scaled their plant using three independent plants with each
producing 3.5 t of oxygen. To compare with this model, we scaled a
plant to produce 3.5 t of oxygen and multiplied the mass and power
by three. There are large differences in material transporting mass.
In this paper, we have only considered an auger-based particle size
separator, while multiple longer regolith transportation systems are
considered by Linne et al. The PEM stack, too, shows a large difference
in mass between our estimation and theirs. Note that the model used
by Linne et al. is unclear, and thus, further assessment of the PEM stack
is required.

Table A.2 lists the mass and power of each subsystem estimated
using the proposed model and reported in Kleinhenz and Paz [23].
To compare these values, the assumptions here are adopted from this
reference. For instance, the water content used here is 5 wt%, and
the operational availability is adjusted to 225 days per lunar year. The
ratio of O2 and H2 here is 6:1; therefore, the plant is scaled to produce
13.3 t of LOX and 1.7 t of LH2. The mass difference in the water
extractor is due to the water extraction method; our extractor model
is based on a batch operation, whereas Kleinhenz and Paz assumed
continuous water extraction. The required number of excavators is one
based on our model, which is also different from the two excavators’
operation proposed by Kleinhenz and Paz. The mass of gas dryers is
modeled based on the in-house developed hardware at Johnson Space
Center in their study, which causes large mass difference from the
model developed in this paper. There is another large difference in
the total mass of water tankers due to the number of tankers. While
Kleinhenz and Paz assumed only two tankers are required, our model
outputs a lighter total mass when 10 tankers are used. This mass can be
further lighter by increasing the maximum number of tankers; however,
operating a large number of tankers could increase the complexity of
the total system.
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Table A.2
Comparison of the direct water extraction plant with Kleinhenz and Paz [23].

Element Mass [kg]a Power [W]a

Est. value Kleinhenz
and Paz

Est. value Kleinhenz
and Paz

Water extractor 487 335 25,014 20,749
Excavator 86 160 487 211
O2 liquefaction 159 153 4,800 4,093
O2 cryostorage 727 213 – –
H2 liquefaction 1923 1780 25,515 21,171
H2 cryostorage 902 299 – –
H2 & O2 dryers 1 52 – 58
PEM electrolysis 7 48 22,192 22,042
Water tank 266 123 – 199
Water tankers 3742 1868 2,633 PEL: 375

PSR: 534

a All values do not include 30% growth to compare them with Kleinhenz and Paz.
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